Single cell analysis is an essential research approach to reveal the secret of life. At such a small scale, it puts forward higher demand on the accuracy of the cell manipulation system. This paper reviews the state of the art of micro-nanorobotic manipulation in single cell analysis. First, the key applications of the micro-nanorobotic manipulation system in single cell analysis are introduced, including the single cell injection, positioning, characterization, assembly, and the development of biomedical device. Then, the current key techniques, challenges, and future trends in micro-nanorobot are discussed from the aspects of actuating, sensing, controlling, system integration, and commercialization. To meet the requirement of cell biology, the next generation micro-nanorobot should have small, automatic, high integration and applicable features in multiscale.
Introduction
The single cell is the smallest unit of living things and is often called the building block of life [1] . This small organizational system maintains a highly complex and hierarchical architecture of interconnected molecular networks and represents life and its related consciousness [2] . The understanding of such a complex system will help us to elucidate the functioning of complete organs and will pave new ways to cure diseases or to develop personalized medicine.
One contribution of single cell analysis relies on the existence of cellular heterogeneity within the same population of cells. Bulk-scale measurements, which rely on data averaged across thousands or millions of cells, report only average values for the population. Thus, the characteristics of a group can obscure the differences between the individuals in it. Because studies made at the single cell level are not subject to the averaging effect characteristic of bulk-phase population-scale methods, they offer a level of discrete observation that is unavailable with traditional biological methods [3] . Secondly, single cell analysis provides an approach to identify the differences between individual cells. By characterizing the single cells at different conditions, such as health and unhealthy, we can take the single cell as an ideal model to detect disease, test medicines, and develop drugs. Furthermore, analyzing the content within single cells would benefit the deeper understanding of cellular functionalities and behaviors. For example, in the field of immunology, single cell analysis can help us to monitor gene expression in complex tissues, to define different cell subsets, to get insights into both their functional capacity and their specificity, and to track antigenspecific cells [2] . Therefore, nowadays, techniques for single cell analysis have attracted increasing interests in cell biology and the life science.
Single cell analysis is a broad subject that covers many research areas, such as single cell genomics, immunology, diagnostics, and so on. Many review articles have been reported to discuss the problems and trends of single cell research from the biological view [4] [5] [6] [7] [8] . This article will not address the above biological problems deeply but will mainly focus on the engineering problems behind those biological issues. To perform single cell analysis, the analysis platform should have both accurate observation and manipulation abilities. For observation, various effective microscopes have been developed, such as optical microscopy (OM), atomic force microscopy (AFM), environmental scanning electron microscope (ESEM), scanning ion conductance microscopy (SICM), and so on. Generally, each observation system has its own advantages and issues for the single cell analysis; for instance, OM is easy to use but cannot provide high image resolution, AFM can provide high image resolution but limited to the nonrealtime observation, and ESEM allows real-time high resolution imaging but cannot for in vivo cell research. The review about the observation system for single cell analysis at nanoscale can be found from the article report by Zheng [9] . These different types of observation systems make high demand on the manipulation system correspondingly. Here, micro-nanorobot technique is widely employed owing to its accuracy, controllability, flexibility, and other unique features. Many articles have been reported to discuss the application of the micro-nanorobot in the biomedical field. For example, Dario reviews robotics and microsystems in biomedical applications [10, 11] , Park reports on the biomedical robot for intravascular therapy [12] , Nelson reviews microrobotics for minimally invasive medicine [13] , Lenaghan reviews the art and challenge of nanorobot for cancer therapy [14] , and so on. For the specific topic of single cell analysis, the micro-nanorobot plays more and more important roles in recent years but few review papers have been reported.
Micro-nanorobotic technique allows the precise manipulation at a small scale. It provides essential engineering support for the biological research at the single cell level, including the cell injection, positioning, characterization, surgery, and so on, which gives us a novel approach to elucidate the fundamental and practical principles within the cell. In this article, we will review the state of the art of micro-nanorobotic manipulation for single cell analysis, including its key applications, main techniques, the current challenges, and the trends in the future.
Key applications
With the rapid growth of nanotechnology in the last few decades, the techniques for precise positioning and manipulation also have a fast development. Micro-nanorobotic manipulation is an advance method by integrating the traditional robotic technique and micro-nanotechnology together. Generally, the micro-nanorobotic manipulation system allows precise positioning ranged from several nanometers to micrometers and provides flexible movement ability with multiple degrees of freedom (DOFs) in three-dimensional space. In addition, it has high controllability that can automatically perform some tasks based on computer programming. Moreover, the micro-nanorobotic manipulation can integrate with various commercial microscopes, such as OM, SEM, and AFM, to solve different biological problems effectively. Owing to these advantages, micro-nanorobotic manipulation has been widely used in the biological fields. In this section, we will focus on some key applications of the micro-nanorobotic manipulation system in single cell analysis.
Cell injection
Technologies of delivering exogenous materials into cells play a central role in experimental cell biology, such as cell cloning, DNA therapy, and so on. As one type of nonviral vector-mediated method, micropipette injection has been widely accepted owing to its low toxicity and high delivery efficiency. Microinjection is normally performed with a micromanipulator, which refers to the process of using a glass micropipette to insert into or suck out substances from a single living cell [15] [16] [17] . In this process, two key procedures are how to move the pipette to the cell precisely and how to penetrate the cell membrane safely, which directly determine the injection success and efficiency. At such a small scale, it becomes very inefficient and ineffective to perform the injection task by hand directly. Therefore, precise methods based on the micro-nanorobotic manipulation system are widely used. Two main types of injection systems are illustrated in Figure 1 .
The glass pipette has been used for drug delivery since several decades ago. Normally, the single cell is handled by a pipette straw and the microinjector is assembled on the micromanipulator. Thus, the position of the micropipette can be controlled via the manipulator precisely, which usually has a positioning resolution higher than 2 μm and more than three DOFs [20] . In the traditional methods, the micromanipulator is only taken as a precision tool, which lacks intelligence. To improve the accuracy and to reduce the time cost in the injection process, the automatic injection system is developed based on robotic control technique in recent years. For example, Sun takes the images of the objects, including the cell and glass pipette, as the feedback signals to monitor the injection process dynamically. As a result, an automatic injection process can be realized, which greatly improves the injection success rate and reduces the time cost [18] . In addition, a force sensor is used to measure the penetration force, which is taken as the feedback to ensure the injection safety and improve the injection efficiency. For instance, Xie proposes a twoloop force control framework to regulate the penetration force in the fish embryos injection [21] . Yanagida proposes a piezo-micromanipulator to prevent the large deformation of the cell during the injection [22] . It utilizes the rapid deformation of a piezoelectric element to realize smooth insertion in intracytoplasmic sperm injection, which reduces the penetration force and improves the survival rate. Tan reports a mechanical model to elucidate the cell deformation in the penetration process, which paves a way to optimize the injection process theoretically [23] . The usage of the robotic technique, including image processing and force feedback, could improve the traditional injection system greatly. However, there are still some intrinsic problems. One serious problem is that the injection is performed under OM, which has an imaging resolution limitation (approximately 200 nm); therefore, it makes challenges to the image processing. The limited visual range of the microscopy is another challenge to the micro-nanorobotic system. It is clear that a wider visual range will help us to find the object easier, but the low magnification image will result in the loss of image details. Even though the automatic single cell injection has been realized, this technique is usually performed under an invariable magnification. Integrating the automagnification technique with the micro-nanorobotic manipulation technique will improve the productivity, which should be considered in the future.
In addition to the glass pipette, nanoinjection methods based on an AFM cantilever nanoprobe are also proposed recently [19, 24] . In these techniques, a smaller injector with nanometer size is used to penetrate the cell and deliver the materials into the cell. The manipulation strategy of the nanoneedle is similar to that of the glass pipette for single cell injection. However, there are few automation techniques reported for the nanoinjection process. We think one main reason is that the nanoinjection technique is still at the stage of laboratory research; therefore, it does not have an urgent demand on the automatic system. However, in the long term, the improvement of the nanoinjection system is important for practical applications.
Consequently, micro-nanoinjection is a simple process in which a needle penetrates the cell membrane and/or the nuclear envelope. The micro-nanorobotic manipulation system provides an effective platform for the injection process. Comparing with manual injection, a robotic manipulation system has the advantages of high quality, productivity, and repeatability. In the future, a commercialized automatic-injection equipment that allows a user to operate it easily without specialized training is expected to be developed.
Cell positioning
Cell positioning is an essentially important technique, since it is the basis of cell array and single cell analysis in biomedical research. One of the main challenges for cell positioning is how to transfer a single cell to a certain place precisely and effectively. Nowadays, to address the above issues in cell positioning, several micronanorobotic manipulation systems have been proposed. Figure 2 illustrates some micro-nanorobotic manipulation systems for single cell positioning.
One direct method for cell positioning is based on microrobot and microtools. In this design, the microtools, such as the micropipette and microgripper, are assembled on the microrobotic manipulation system. The microtool has the capability to handle and release the cell and the microrobot can control the position of the microtool precisely. Therefore, this integrated system can pick up the single cell and place it on the desired position [25, 30, 31] . To improve the accuracy and reproducibility, force feedback and version feedback are also employed in the cell positioning process. For example, Kim reports a nano-Newton-force-controlled micromanipulator for the soft object manipulation, which can detect the contact force fast and handle the object more safely [32] . Fatikow proposes an automatic control frame for the micro-object manipulation and positioning based on vision feedback, which greatly improves the working efficiency [33] . The microtool manipulation approach Figure 1 Micro-nanorobotic manipulation system for single cell injection. (a) Autonomous embryo injection system by glass micropipette [18] . (b) Schematics of an AFM cantilever-based nanoinjection [19] .
enables the pick-transport-place of a specific single cell precisely and effectively. However, the issue of this method lies in that the microtool has to contact with the cell during the manipulation process. Therefore, it is difficult, if not impossible, to implement this platform in a closed environment, as in the microfluidic channel.
A magnetic robot is actuated by the magnetic field remotely, by which it avoids the usages of electric wires [26] . Therefore, it is able to manipulate and position cells in both open and closed environment. In this kind of manipulation system, the cell movement is usually achieved by the pushing action of the robot. Therefore, this method has a higher requirement on the control system. We have to control the location of the robot and the pushing direction dynamically, which is not convenient for flexible manipulation, especially for the mass cell manipulation.
Optical tweezers are instruments that use a highly focused laser beam to hold and manipulate a small object. In the late 1980s, Arthur and Joseph demonstrated the first application of optical tweezers to the biological sciences, using it to trap an individual tobacco mosaic virus and Escherichia coli bacterium [34] . Today, optical tweezers have been a comment scientific instrument in trapping cells to study a variety of biological problems [35] [36] [37] . Fukuda develops a microrobotic manipulation system based on the controlling of the light path of the optical tweezers. It is able to manipulate small objects in 3D space flexibility, such as microbead and single cell [27] . Sun studies the dynamics behavior of the cell in the optical tweezers manipulation and then designs a closedloop control algorithm to transport a single cell or multicells to a certain place [38] . Because optical tweezers can manipulate the object precisely without physical contact, it is very powerful for the cell positioning inside the microchip. However, the main drawback of the optical tweezers is that the generated force by laser is usually limited to nano-Newton, which is not large enough to drive the nonsuspending cells sometimes.
Dielectrophoresis (DEP) is the phenomenon in which a force is exerted on a dielectric particle when it is subjected to a nonuniform electric field [39] [40] [41] . DEP has the advantages of noncontact manipulation, good controllability, and high-integration ability within the microchip. Therefore, it has been widely used for cell trapping and sorting, especially for the cell analysis in the microfluidic chip [28, 42] . One problem of DEP lies in that the strength of the force strongly depends on the medium and particles' electrical properties, on the particles' shape and size, as well as on the frequency of the electric field. Another problem is that it is difficult to make the size of the electrode to nanoscale, which affects the manipulation accuracy.
To overcome the drawback of DEP, especially to avoid the electrode fabrication, a new concept called optoelectronic tweezers (OETs) is proposed [29] . OETs use projected optical images to grab and corral tiny particles with sizes ranging from hundreds of micrometers to tens of nanometers. In this method, light first creates some 'virtual electrodes' on the substrate. Then, the image in Figure 2 Micro-nanorobotic manipulation system for single cell positioning. (a) Scanning electron micrographs of a microgripper [25] . (b) Five electromagnetic coils are mounted on an optical microscope to actuate the magnetic robot in the center [26] . (c) Microbeads dancing controlled by the optical tweezers [27] . (d) Cell positioning by dielectrophoresis (DEP) chip [28] . (e) Schematic drawing of the optoelectronic tweezers (OETs) [29] .
conjunction with an externally applied electrical bias creates the localized DEP traps in the illuminated areas. It combines the advantages of optical tweezers and electrode-based DEP, which is expected to have a bright future.
As a summary, cell positioning is a very important process in biomedical research. Nowadays, many different types of manipulation strategies have been proposed to deal with this problem. Each method has its own features that can be applied for some certain cases efficiently. Understanding their advantages and drawbacks is very helpful for us to choose the proper approach and develop new methods for the single cell analysis. Considering that the on-chip analysis is more and more important nowadays, a micro-nanorobotic manipulation system that allows cell positioning in a closed environment will be a trend in the future.
Cell characterization
Single cell characterization provides a quantitative method to study the cell's behavior and to elucidate the cell's activate. For example, the mechanical properties of the single cell can reflect the cell's healthy condition, which benefits disease diagnosis and drug testing [43] . The electrical property of the single cell can reflect the open or close status of the ion channels of the cell membrane, which benefits the understanding of cell transportation [44] . In single cell characterization, micronanorobotic manipulation plays an important role owing to its flexible manipulation capability. Many types of micro-nanorobots and micro-nanotools are used to handle, manipulate, and characterize the single cell to obtain various types of properties of the single cell, including strength, stiffness, resistance, and so on, as illustrated in Figure 3 .
The cell's activities, such as mitosis, morphogenesis, cell orientation, cell motility, and survival, depend on the attachment to the extracellular matrix or neighboring cells. Characterization of adhesion strength at the single cell level provides an effective approach to elucidate these activates. Micropipette aspiration is one traditional technique for cell-cell adhesion study [48] . In this method, two aspiration pipettes are assembled on two micromanipulators. Then, the pipettes are used to handle and separate two single cells driven by the micromanipulator. In this process, the cell-cell adhesion strength can be calculated from the suction pressure applied through the pipette. The AFM system is another powerful system for the single-cell-adhesion characterization, which enables to measure the cell-substrate or the cellcell adhesion force. For example, one common method is to put the cell on the AFM sample stage, which is taken as the micromanipulator (x-y-z). Then, the cell is moved against the AFM cantilever driven by the stage, and the adhesion strength can be measured from the deflection of the AFM cantilever [49] . Puech reports a method to measure the cell-cell adhesion strength [50, 51] . Here, one cell is immobilized on a modified AFM cantilever tip by chemical glue. Then, the adhesion force between this cell and the other cell on AFM sample stage is obtained by separating these two cells. The AFM system also allows the measurement of the adhesive molecules on the cell membrane [52, 53] . Comparing with the aspiration pipette, the AFM system has the advantages of higher positioning accuracy and higher force resolution. However, one drawback is that the manipulation depends on the movement of the AFM sample stage, which is not as flexible as end-effector manipulators. Another issue is that the AFM system cannot scan the sample to get a high resolution image during the characterization process. Environmental SEM (ESEM) is one special type of SEM that can maintain a wet environment within the sample chamber, which provides a novel platform for single cell analysis. Shen reports a single-cell-adhesion study system based on the nanorobotic manipulation system inside ESEM, which can measure both the cell-cell adhesion and cell-substrate adhesion strength [45, [54] [55] [56] . This manipulation system Figure 3 Examples of the single cell characterization by micro-nanorobot. (a) Cell-adhesion-force characterization [45] . (b) Cell mechanical property characterization [46] . (c) Cell electricity characterization [47] .
has seven DOFs in total and has the positioning resolution approximately 30 nm. More important, this system allows the real-time imaging at nanometer resolution during the manipulation and characterization. These features could provide more information in the characterization process, which could benefit the dynamic single cell study in the future.
Single-cell-mechanical-property characterization, such as stiffness and elasticity, is another example that benefits from micro-nanorobotic manipulation system. Cell stiffness value closely relates to the structure of the cell's membrane and the cytoskeleton within the cell. Therefore, the stiffness of a single cell reflects the cell function in many aspects [57, 58] . For example, the stiffness of the mammalian cell shows obvious difference after medical treatment or after death, which could benefit disease diagnosis, drug development, and disease therapy [59] [60] [61] . Recently, various methods have been reported to characterize the single cell's stiffness based on micro-nanorobotic manipulation technique, including micro-electromechanical systems (MEMS) tool, optical tweezers, magnetic beads [62, 63] , AFM system, ESEM nanotool, and so on. Nelson assembles a MEMS probe on a microrobotic manipulator to measure the stiffness of the pollen tube, where the MEMS probe is taken as the force sensor and the microrobotic manipulator is used to control the position of the probe [64] . Dao studies the mechanics of the human red blood cell by optical tweezers [65] . Optical tweezers enable high positioning accuracy and high force resolution for the stiffness characterization. However, the relative low force ability (approximately piconewton), the light-induced damage, and the observation accuracy (approximately 200 nm) are thought as the challenges for optical tweezers. Magnetic manipulation takes usage of the magnetic field to drive a small bead to deform the cell, which avoids potential lightinduced damage as in laser trapping. Bausch measured the local viscoelasticity of the surface of adhering fibroblasts by controlling the position of the magnetic beads via magnetic fields [63] . The modeling and controlling of the nonhomogeneous magnetic field are considered as the challenge to get accuracy data for the magnetic manipulation method. The high force sensitivity of the AFM system makes it particularly appropriate for studying cell stiffness [66] [67] [68] . Here, the AFM cantilever is used as a nanoindentor to deform the cell. As a result, the stiffness can be calculated based on the cell deformation and the applied force [69, 70] . Despite the AFM technique having been welldeveloped and having shown to be noninvasive to the cell if applied correctly, one existing issue for the AFM cantilever is that the deflection of the cantilever beam may cause slipping on the cell surface during the measurement process. Shen reports a nanoneedle to overcome this drawback [71] . They used the nanorobotic manipulator to control the movement of the nanoneedle with nanoscale resolution inside an ESEM chamber, which allows the characterization of the local region of the cell surface. Consequently, the application of micro-nanorobotic manipulation has enhanced the single cell stiffness characterization greatly. However, the aim of the research is to exactly elucidate how the stiffness value relates to the active cells. From the mechanical information, we expect to know how healthy the cell is rather than if the cell is alive or not. This requirement is bringing new challenges to the current micro-nanorobotic manipulation system, i.e., much faster, more accuracy, and more intelligent.
Biological cells, which consist of a conductive saltwater interior coved by a relatively insulated outer sheath, continuously exchange ions with surroundings. Therefore, the electrical property of a single cell can reflect the physiological state of the cell. Nowadays, the characterization of a cell's electroconductivity has attracted increasing interest in the cell viability identification, ion channel monitoring, drug testing, and other biological fields. Ahmad designs a dual-probe and integrates it with a nanorobotic manipulation system [47] . This system is used to measure the electrical resistance of the single cell, and the results clearly show the variability between living and dead cells. Zhang studies the electrical response of the human embryonic kidney cell corresponding to external mechanic stimulation based on a robot-assisted AFM manipulation system and a patch-clamp system, which can monitor the ion transfer through the ion channels in the cell membrane [72] . This system has been expected to test the effectiveness of drugs in the future. Although micro-nanorobotic manipulation allows the characterization of the single cell electrical conductivity, there are still some challenges. For example, monitor of ion transfer in one single ion channel is still difficult, since it requires higher imaging, positioning, and sensing ability to the robotic manipulation system. Another challenge is the high throughput, i. e., how to find the regions and characterize the electrical property of the single cell faster, which has a higher requirement on the robot intelligence and automatics.
As a summary, micro-nanorobotic manipulation is the essential technique for accuracy positioning and manipulation. It has been widely used in single cell characterization, including the cell's mechanical property, electrical property, its interaction with the environment, and other features. In the future, the micro-nanorobotic manipulation system should be more accurate and intelligent to provide more information for single cell analysis.
3D cell assembly
As the basic unit of life, the single cell is the elementary block to construct tissues and organs, which show complex structures in three-dimensional space. It is clear that cell culture in 3D space is much more close to the practical comparing with the traditional 2D plate culture. Many researches have also proved that the cell growth in 3D space has a different behavior with that in the 2D plate, such as the cancer cell [73] . Moreover, the 3D cell culture is also an essential technique to develop the artificial organs. For example, an artificial ear has been created successfully by culturing the cells on a 3D scaffold [74] . Therefore, recently, increasing interests have been focused on how to build a 3D structure from a single cell. This research topic, called as '3D cell culture' , is quit broad that covers many research areas, including but not limited to cell culture, growth, physiology, and so on (Figure 4a ) [75] . In this review, we will not discuss the biological problems but will discuss this topic from the engineering point of view, i.e., '3D cell assembly'. It is subject to '3D cell culture' , but specifically focuses on the 3D manipulation and assembly methods, in which micro-nanorobotic manipulation involves deeply.
One widely used method for 3D cell assembly is to fabricate a biocompatible 3D 'scaffold' to support the growth of the cell [78] . Thus, the key issue becomes how to fabricate the 3D scaffold with an accurate structure. One main scaffold fabrication technique is based on 3D printing. Here, the scaffold material is deposited layer by layer controlled by a flexible manipulation system. For example, Yan manufactures 3D architectures through a controllable manipulation system with three DOFs (x-y-z) and successfully uses it to study the growth of hepatocytes. Klein fabricates one type of two-component polymer scaffolds through laser, directly writing based on nanomanipulation [76] . This scaffold is successfully applied to study the growth of a single fibroblast cell in 3D space. In addition to 3D printing, another scaffold fabrication technique is also proposed based on physical or chemical reaction. For example, some materials are sensitive to light; that means the biocompatible liquid will be solidified after exposure to light. Based on this feature, the 3D scaffold can be fabricated by controlling the projection area of the light. For example, Liu reports a method by light-induced gel to generate a 3D scaffold, where the shape and height of the gel can be controlled precisely by controlling the light illumination area and the exposure time [79] .
Another assembly method is to build the small blocks with cells into a complex 3D structure, as building a house from blocks. In this kind of approach, the biological cells are first capsulated in series gel blocks by biochemical process. Then, a microrobot is used to manipulate these blocks to build the 3D structure. In this method, it is able to change the shape of the structure easily. For example, Tasoglu reports an approach that uses a magnetic crawling microrobot to assemble cellencapsulating gel blocks into a 3D structure, by which various structures can be built from the same series of blocks (Figure 4b ) [77] .
The 3D cell assembly is a relative new research area that is rising with the fast growth of the tissue engineering and biomedical engineering research area. Many assembly techniques are benefited from the micronanorobotic manipulation system more or less. However, the final goal of 3D cell assembly is to construct the functional artificial structures, which are able to replace Figure 4 Examples of the 3D cell assembly based on micro-nanorobotic manipulation. (a) Scaffold for single cell 3D growth study by 3D printing [76] . (b) 3D Cell assembly by microrobot [77] .
the natural tissue and organ. Therefore, it is important to find the way to assemble different types of cells together, which puts forward higher requirement on the intelligence and flexibility of the micro-nanorobot.
Biomedical device
Micro-nanorobotics is not only an essential supporting technique for single cell research but also could be a miniature device for biomedical application directly. For instance, the endoscopic capsule robot is one of the most popular miniature devices based on robot technique. It integrates the actuating, sensing, and controlling system in one capsule within tens of a millimeter [80] . This kind of robot can not only take images inside our body but can also address the diagnostic or treatment issue automatically. However, these techniques are still difficult to apply at the single cell level owing to the small size of the cell. Zhang reports an artificial bacterial-inspired robot. This robot is fabricated from thin films of semiconductors and its movement is controlled by a magnetic field [81] . The length of this small robot is only several tens of a micrometer, which is within the same scale of a single cell. It has the ability to move outside or inside the human body, which can be used for an invasive medical operation in the future. However, these techniques are not yet mature nowadays, because the robot has to face the actuating and sensing challenges within a small space. The development of small biomedical robot that can work as an independent device will be an essential step for the practical applications for single cell analysis. In the future, we should think of a way to make the robot much smaller, have higher integration, and more functionality.
Current techniques, challenges, and future trends Actuating
A large type of the micro-nanorobotic actuating depends on the mechatronic principle, such as hydraulic motor, electric motor, electrostatic actuator, piezo actuator, and so on. Hydraulic and electric motors have the ability to generate a large force output and provide long movement distance. However, they cannot provide accurate positioning resolution at nanometer scale. Therefore, they are usually taken as the stage to drive the micronanomanipulator mode coarsely. Electrostatic actuation is one widely used technique in the development of MEMS device, which allows both the precise actuating and sensing. For example, many micro-nanomanipulators, like the microgripper, are designed based on electrostatic mechanism [82, 83] . However, the short moving distance is one problem for electrostatic actuation, which is usually less than several millimeters. Therefore, these kinds of manipulators are usually taken as the end effector for the micro-nanorobot. Piezo actuation is an effective approach that converts electrical power to mechanical movement ( Figure 5 ). It can provide a large movement distance with several centimeters and a positioning resolution as high as several nanometers. Nowadays, the piezo-based manipulator has been well developed and available in market. The mechatronic-principle-based manipulator has a relatively mature physical model; therefore, it is easy to control and implete. One main issue for this type of actuation is the existence of wires, which make it not applicable for work in a closed environment, such as inside a microchip or inside our body.
Wireless actuation-based manipulation avoids the usage of electrical wire to connect the power supplier. Therefore, it provides the possibility to work in a closed environment. The commonly used wireless actuation techniques include optical tweezers, DEP, magnetic driving, and so on. As discussed in the 'Cell positioning' section, these actuators are driving by physical fields, like light field or electromagnetic field. Thus, they can manipulate the object in a narrow space with high positioning accuracy, which are very important for the in situ analysis in the microchip. For the wireless actuation, the controllability and repeatability are big challenges, since it is difficult to build an exact physical model to control the statues of the small object in the fields. Another issue is that the force generated by these methods is usually smaller than the mechatronic actuation due to the physical principle.
In addition to the above two types of actuating methods, the biochemical actuator also receives more and more attentions nowadays. In these techniques, creatures or part of creatures are taken as the actuator directly, such as sperm, bacterial, flagella, protein, DNA, and so on, which have the moveable ability naturally. If a proper stimulation is given, the movement of these biorobots can be controlled effectively. For example, Nogawa uses the ion concentration to control the movement direction of bacterial, which can be used as a robot to deliver drugs [84] . Martel uses magnetic field to control the movement of the flagellated magnetotactic bacteria, which can perform the medical operation in the human microvasculature [85] . Scientists also design many prototypes of the nanorobot based on the unique features of protein or DNA, which can work well in a natural biochemical environment and show its significant potential in the drug encapsulation, drug delivery, and disease therapy [86] [87] [88] [89] . These biochemical nanorobots have many advantages, such as small size, simple structure, self-assembly, biocompatible, and so on. The problem is that these types of robot are usually sensitive to the environment, such as the temperature, pH value, chemical solution concentration, and so on. Nevertheless, natural creatures provide us a good example to learn from, which usually have high efficiency and can work better in a biological environment. We believe the biochemical-inspired micronanorobot should be a new trend in the future, especially in the biomedical field.
As a summary, actuation is one of the most important techniques for micro-nanorobotic manipulation, which involves power supply, energy transmission, driven approach, and so on. The current actuating techniques have provided many solutions for the single cell analysis. However, there are still some challenges that need to be addressed, including the optimization of size, working time, output capability, efficiency, and so on. The biological sample is the nanorobot in nature, which has a high working efficiency and is exactly compatible for bioapplication. 'learn from nature' will drive new inspiration in the micro-nanorobot development, which is expected to benefit the biomedical field in the future.
Sensing
Unlike the traditional robot sensing, only a few sensing technologies can be used at the micro-nanoscale owing to the specific working environment. Because single cell analysis is usually performed under microscopy, the micronanorobotic manipulation has to be workable under microscopy. In this specific case, vision and force are the most effective sensing methods.
In vision sensing, the sample images are captured dynamically from the microscope, firstly. Then, the objects are identified and their positions are calculated based on image processing. After that, the position information is taken as the feedback signal to control the movement of the micro-nanomanipulator. This kind of sensing and control strategy has been successfully used for automatic single cell injection to improve the injection efficiency and reduce the injection time (Figure 6a ) [90] . One challenge for the vision feedback lies on the quality of the microscope image. The microscope images usually can only provide a few information about the environment due to the small observation area. Moreover, depth information is hard to obtain from the microscope image directly. Therefore, the object's identification and positioning becomes much more difficult than that at the macroscale.
Force sensing is usually used with vision sensing together to improve the performance of the micronanorobot. For example, in single cell injection, the force feedback has been applied successfully to improve the injection process (Figure 6b ) [21, 91] . The challenge for force sensing lies on the lack of force/torque information from different directions. Generally, six DOFs, three force and three torque, are required to describe the status of one point clearly. However, it is quite difficult for the force-sensing system at micro-nanoscale, which usually can only provide one to three DOFs. Figure 6 Examples of the sensing system for a micro-nanorobot. (a) A vision feedback system based on the CCD camera for single cell injection [90] . (b) A force feedback system based on a PVDF (Polyvinylidene fluoride) piezoelectric polymer film for single cell injection [21] .
Therefore, the development of a MEMS force sensor that can work well under microscopy is urgently demanded for the micro-nanorobot sensing.
Control
At micro-nanoscale, the surface force rather than the inertia force becomes dominate, fluids appear as viscous as molasses, and Brownian motion makes everything incessantly shake [92] . These unique physics make the behavior of the object become sophisticated under manipulation. For example, in the single cell gripping process, the cell may adhere to the gripper surface due to the electrostatic force rather than the clamp force, and therefore, the cell cannot be released after the gripper is opened. Thus, the modeling of the control object becomes a big challenge, which is usually nonlinear, dynamic, randomness, and sometimes even unpredictable. In addition, only a few feedback-sensing techniques, visual and force, can work at the micro-nanoscale. Therefore, controlling is a big challenge for the micronanorobot owing to the modeling and sensing problems.
Nowadays, the micro-nanorobot can perform some simple tasks automatically, for example, the single cell injection. Here, the mechanical behavior of the cell can be modeled, so the traditional visual feedback, force feedback, with PID controller, and impedance control strategy can be used (Figure 7 ). However, in most of the cases, the single cell analysis requires complex manipulation at a much smaller scale. It is hard to build the physical model to describe the controlled objected exactly. Thus, most of the control process has to be performed based on the master-slave manipulation, in which the decisions are made by a human rather than the robot itself.
Consequently, the main difficulty for the micronanorobotic control is not the control algorithm but lies in the exact modeling of the controlled object. We must consider the unnormal physical phenomena at a small scale. In addition, the lack of powerful feedback signals is also considered as a drawback for the micronanorobot system. In future work, molecular dynamics modeling or quantum electrodynamical models should be considered to better describe the property and behavior of the object at small scale. In addition, the small and intelligent sensor for micro-nanorobot should be another essential way to solve current control problem.
System integration
The micro-nanorobotic manipulator has the ability to move in micro-nanometer scale accurately, but it does not mean the size of the robot system itself is within micro-nanometer size. Actually, to the contrary, a large space is always required to support the robot to work well, since all the driving, sensing, and controlling modules need space to put equipment. However, on the other hand, we expect the robot can be as small as possible to improve its movability, especially its working ability in a closed environment. Therefore, system integration is a big issue in micro-nanorobot design.
Various integration methods have been reported to address different kinds of problems in single cell analysis. For the research in an open environment, such as single cell injection and mechanical characterization, it is easy to find extra space for the auxiliary equipment. The micro-nanomanipulators can be fixed on the microscopy stage and connected with the auxiliary equipment in other places by electrical wires. Contrarily, for the single cell analysis in a closed environment, it is difficult to connect wires directly. In this case, wireless actuation methods are usually used, such as optical tweezers and DEP. However, the wireless connection method brings difficulties to force sensing, because there is no force sensor and the force has to be estimated from the deformation of the object or the applied voltage indirectly. The lack of force information in this integration system increases the control difficulty to the micro-nanorobot. Arai reports a magnetically driven microtool (MMT) chip by introducing the MEMS technique into the robot [94] . They fabricated the magnetic-sensitive microtool based on MEMS technique. Then, they take it as the Figure 7 An example of a force feedback control diagram for single cell injection [93] .
end effector of the robot and assemble it inside the microchip. This kind of robot can work inside the microchip since it can be controlled by the magnetic field remotely. Furthermore, it has the sensing ability owing to its deformable structure. The integration of the MEMS technique and robot technique will promote the micronanorobot research. We think this kind of method will be a trend for the single cell analysis in the future.
The micro-nanosystems mentioned above can be roughly divided to two parts, i.e., the functional end effector and other auxiliary parts. They communicate with each other either by wire or wireless field. How to integrate them together into a whole system is a big challenge. If we take a look at the internal of creatures, we can find many sophisticated robots in nature. Therefore, we think in addition to the physical way, the biological and chemical principles may also be helpful to design a novel micro-nanorobot. For example, the bacteria themselves have the actuating and sensing abilities and even have their own intelligence. Nowadays, artificial bacteria have been designed based on bacteria's actuating mechanism, which can be injected into the body and swim driven by magnetic field. DNA is another excellent robot mode for us. Scientists have developed the walking robot, DNA computer, and DNA cages by programming, which are the first crucial steps towards the small micro-nanorobotic systems.
Consequently, the next generation of the micronanorobot will require on-board sensors, functional tools, computing components, and so on. Combining the robot manipulation technique and MEMS fabrication technique and referring the biological and chemical technique could be the way to create a much smaller and highly integrated robot in the future.
Commercialization
One significant goal of the micro-nanorobotic research is to solve problems at the single cell scale and finally benefit society. Therefore, how to make the micro-nanorobot system more acceptable should be considered, especially for the acceptance by the biological scientist and the biological company. The automatic single cell injection system is only a handful of successful commercial systems that use micro-nanorobots. However, currently, most of the commercialized micro-nanorobots are only at the stage of precision manipulators. They are able provide accurate positioning capabilities but cannot solve a specific biological problem directly, which are still far from commercialization. Nowadays, most of the application research are still at the laboratory stage, which mainly focuses on the reliability but without considering the cost and productivity. From the commercial point of view, the system should be reliable, low cost, and high production.
Thus, in the future research, these aspects should be considered more.
Future trends
Nowadays, the micro-nanorobot has achieved some level of success in single cell analysis. It provides much higher manipulation accuracy and stability than manual operation. Thus, the implement of many complex tasks becomes possible, and a lot of exciting new findings have been brought. However, we should realize that the micro-nanorobotic manipulation system still has shortages in many aspects, including low efficient actuation, lacking sensing approaches, high control difficulty, low integration, and it is far from commercialization. A combination of the traditional robotic technique and the micro-nanofabrication technique should be a way to solve the current problems. Next, although there are many micro-nanorobot prototypes, the mathematical model and the control strategy are not mature at the current stage, since it is highly interdisciplinary. Therefore, the cooperation and effort from different research fields is definitely required, including robotic, physics, chemical, biological, and so on. Next, at the small scale, sometimes the manipulation method based on biological and chemical principles is more efficient than the traditional mechanical and electrical method. Therefore, referring biological and chemical principles to improve the current robotic technique should be another trend in the future. Last but not least, extending the application of the micro-nanorobot from laboratory to practical applications should be taken as a significant issue all of the time.
Conclusions
As the basic unit of life, the single cell receives increasing interest nowadays. The micro-nanorobotic manipulation technique provides an effective approach for single cell analysis. It has been widely used for single cell injection, positioning, characterization, 3D assembly, and other related researches, by which it improves the manipulation accuracy and repeatability and increases the working efficiency greatly. We should realize that despite the fact that the micro-nanorobot has achieved many successes, there are still many challenges that need to be addressed in the single cell analysis field, including the actuating, sensing, controlling, integrating, and commercialization. The future trend of the micro-nanorobot should be much smaller, more efficient, more intelligent, widely applicable, and practical and acceptable by the market.
